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A  case  study  of  small-compressed  air  energy  storage  (S-CAES)  system  in  Iran  metropolises  is  discussed 
in  this  paper.  It  proposes  an  alternative  way  of  clean  energy  storage  for  electronic  and  electrical  devices. 
It  will  present  a  hybrid  technology  for  a  renewable  energy  power  generation;  which  is  developed  as  a 
small  scaled  power  plant.  There  are  various  forms  of  storing  energy  and  the  applications  of  performance 
requirements.  This  work  provides  a  feasibility  study  of  S-CAES  system  to  support  electricity  power  of 
metropolis  areas.  Classification  of  S-CAES  implementation  is  made  on  the  basis  of  available  energy, 
power  output  and  energy  efficiency.  The  most  important  parameters  in  this  category  are  the  efficiency, 
output  power,  enough  capacity  and  so  on.  This  paper  concentrates  on  technical  implications.  The  S- 
CAES  work’s  at  low  pressure  and  this  make  it  easy  to  use  in  metropolises. 
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1.  Introduction 

The  generating  capacity  of  wind  energy  facilities  has  grown 
rapidly  in  recent  years;  in  2008  alone,  the  U.S.  wind  industry 
added  over  8,500  MW  of  generating  capacity.  In  2009  it  increases 
up  to  10  MW  and  in  2010  they  added  5  MW  and  finally  in  2011 
increase  attained  around  7  MW,  it  bringing  total  U.S.  wind 
installations  to  46919  MW  at  the  end  of  the  2011  [1].  As  wind 
energy  generation  continues  to  penetrate  the  grid  at  increasing 
levels,  the  inherent  variability  in  the  wind  requires  additional 
standby  reserves  to  compensate  for  low  wind  energy  production 
during  peak  load.  These  standby  reserves  are  traditionally  gas 
turbines,  which  have  a  low  startup  time  and  operational  cost. 
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However,  the  recent  growth  of  the  wind  industry  and  national 
targets  to  reach  upwards  of  20%  grid  penetration  may  require 
additional  options  to  offset  the  effects  of  wind’s  variable  output 
and  supply  a  base  load  generating  capacity.  Energy  storage, 
particularly  CAES,  provides  a  possible  solution  to  help  address 
the  challenges  of  increased  grid  penetration  of  wind  energy  [2]. 
However  more  economical  and  more  efficient  energy  storage 
systems  are  needed.  There  is  some  debate  about  whether  renew¬ 
able  energies  can  provide  a  fix  power  in  a  fix  period,  Is  energy 
storage  critical  now? 

Energy  storage  greatly  enhances  these  two  missions  by: 

•  Increasing  load  factors  of  renewable  power  sources  by  storing 
energy  produced  by  renewables  when  demand  and  energy 
price  are  low  and  releasing  it  when  demand  and  energy  price 
are  high. 
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•  By  more  fully  utilizing  off-peak  power  plants  (solar,  wind  and 
coal  plants)  and  reducing  load  factors  of  peaking  power  plants 
that  are  based  on  the  fuel  oil  and  natural  gas. 

Energy  storage  significantly  improves  operations  and  reliability  of 
power  grids  providing  arbitration  and  regulation  and  synchronous 
reserve  services  via  rapidly  providing  power  when  suddenly  needed. 
Fig.  1  demonstrates  different  models  of  storage  system.  It  may  indeed 
be  true  to  say  that  Compressed  Air  Energy  Storage  (CAES)  is  going  to 
be  one  of  the  most  popular  ways  in  the  new  millennium  because  of 
its  vast  output  power  level  and  its  high  discharge  duration  in 
comparison  with  other  systems  [3].  This  storage  system  has  long 
service  period,  low  cost  of  energy,  low  cost  of  maintenance  and 
operation  and  high  power  efficiency.  There  are  currently  two  installed 
CAES  facilities:  a  290  MW  facility  in  Huntorf,  Germany  and  a  1 10  MW 
facility  in  McIntosh,  Alabama.  [4,5].  On  the  other  hand  another  facility 
Norton,  Ohio  is  under  development  with  2000  MW  generation 
capacity  [6].  This  technology  may  potentially  allow  wind  energy  to 
penetrate  the  grid  at  a  higher  percentage  and,  depending  on  available 
technology  and  suitable  geology,  may  provide  a  low  cost  solution  for 
energy  storage.  CAES  facilities  can  be  developed  in  pre-existing 
geological  formations  and  operate  with  less  fuel  than  a  traditional 
gas  turbine.  This  creates  the  opportunity  to  manage  on/off-peak 
energy  and  to  possibly  turn  variable  wind  generation  into  a  consistent 
base  load  power  source. 

Moreover  these  days,  distributed  generation  is  going  to  be  more 
common  and  effective.  The  argument  put  forward  is  that  a  good 
solution  to  decrease  energy  cost  is  to  use  renewable  energies 


whenever  it  is  possible.  In  this  paper  a  case  study  is  presented  that 
is  based  on  smart  power  electricity  switch  (see  Fig.  2),  in  this 
method  customer  has  a  multi  feed  storage  system,  both  distribu¬ 
tion  line  and  wind  turbine  (or  other  renewable  energy  converter) 
are  connected  to  a  smart  clutch  and  the  output  is  connected  to  an 
induction  motor/generator,  this  induction  motor  (IM)  is  connected 
to  a  compressor.  Whenever  wind  speed  is  high  enough  wind 
turbine  connect  to  IM  and  it  turns  compressor.  On  the  other  hand 
in  off-peak  period  of  electricity  market  when  demand  and  energy 
price  are  low  IM  would  be  connected  to  distribution  line.  Smart 
clutch  connects  more  economic  source  to  the  motor  and  it  turns 
the  compressor  and  feed  air  bank.  Whenever  the  customer  needs 
electricity  power  expander  connects  with  a  clutch  to  induction 
Generator  (IG)  and  compressed  air  expand  in  expander  and  it  turns 
IG.  This  procedure  makes  reliable,  low  cost  electricity  power.  The 
S-CAES  system  is  operated  in  low  pressure  (not  more  than  10  bars), 
so  it  can  be  used  everywhere  that  other  parameters  are  noticeable 
[7,8].  There  are  three  main  stages,  compression  stage,  storage  stage 
and  expansion  stage. 


2.  Thermodynamic  analysis 

2.2.  Kinetic-to- electrical  energy  conversion 

In  fact,  kinetic  energy  of  air  movement  over  the  earth  is 
calculated  by  (1).  The  mass  of  air  stream  is  equal  to  pv  and  wind 
speed  is  shown  by  Vm.  Also  p  is  air  density  and  v  is  volume  of  air 
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Fig.  1.  Storage  systems  properties. 


Fig.  2.  S-CAES  multifeed  generator. 
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stream  which  is  like  a  virtual  cylinder  [9]. 

E  =  \pvV] 


t2 

m 


(1) 


Wind  power  depends  on  wind  volume  which  defines  by  wind 
speed  and  effective  area.  The  air  density  could  be  taken  1 .224  kg/m3. 
Wind  power  coefficient  Cp  is  another  important  parameter.  In  this 
mechanical  instrument  wind  power  would  not  be  converted  com¬ 
pletely  to  mechanical  power  (shaft  output)  so  generated  power  is 
calculated  as  [10]: 


Pw  —  \CppV  mA 


(2) 


Theoretically,  Cp  <  0.593  which  is  known  as  Betz  limit.  Actual 
values  will  probably  lie  between  25%  to  30%.  This  will  vary  with  wind 
speed,  with  the  type  of  turbine  and  with  the  nature  of  load  [11,12]. 


Cp  <  0.3 


(3) 


Mechanical  power  of  generator  shaft  comes  from  wind  power 
but  electrical  efficiency  f]g  and  mechanical  efficiency  r\m  of  this 
conversion  are  effective.  The  output  power  is  Pe. 


Pe  =  1 ImVgP 


W 


(4) 


Consider  these  results  in  real  condition  of  Iran  main  metropo¬ 
lises.  Fig.  3  shows  average  level  of  wind  speed  in  Tabriz  for  a  year. 

Table  1  leads  us  to  Fig.  4  that  illustrates  electrical  power  which 
would  be  generated  by  S-CAES.  Incontrovertibly,  this  generation 
potential  is  perfect. 

Table  1  demonstrates  potential  of  power  production  in  this 
method  in  some  of  Iran  metropolises. 
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Fig.  3.  Tabriz  wind  speed  multiline  bar. 


Fig.  4.  Potential  of  generating  electrical  power  in  Tabriz  (kW  h). 
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Fig.  6.  Potential  of  generating  electrical  power  (kW  h)  in  Manjil. 


Table  1 

Potential  of  generation  electrical  power  (w  h). 
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“Iran’s  wind  energy  market  has  not  yet  realized  its  potential. 
The  mountainous  landscape  of  Iran  holds  unique  wind  corridors 
and  preliminary  studies  have  shown  an  estimated  practical  wind 
power  potential  of  at  least  6500  MW”  [13]. 

“Iran’s  best  wind  resources  are  located  in  the  mountainous  part 
of  the  country,  along  the  Alborz  and  Zagros  mountain  chain”  [13]. 

Manjil  is  one  of  these  areas.  It  has  high  speed  winds  in  each 
month  of  the  year.  Fig.  5  shows  Manjils  wind  speed  in  several 
months  of  year,  and  Fig.  6  shows  its  high  potential  to  generate 
electrical  power  in  big  scale  CAES  power  plant. 

2.2.  Compression  process 

The  CAES  system  consists  of  a  compressor  for  changing  the  air 
into  the  reservoir  and  a  turbo  expander  as  presented  on  Fig.  2.  An 
induction  motor/generator  is  connected  through  clutches  to  the 
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compressor  and  turbine.  While  in  the  charging  mode  the  motor 
which  is  used  off-peak  or  wind  power  drives  the  compressor  to 
inject  the  air  into  the  reservoir.  During  consumption  periods,  the 
CAES  system  is  operated  in  the  discharging  mode.  Then,  the 
compressed  air  is  released  from  the  reservoir  to  expander  and  it 
expands  through  a  turbine  that  drives  a  generator  to  provide  needed 
power.  Air  is  assumed  to  be  perfect  gas  which  specific  heat  is 
constant.  The  ideal  gas  law  relates  the  pressure  ?,  the  volume  V , 
amount  of  substance  in  the  air,  ideal  gas  constant  and  temperature  T 
of  a  gas  as  follows. 

PV  =  mRT  (5) 

By  the  definition  of  work,  where  (1 )  and  (2)  are  the  initial  and 
final  status  of  the  system  [14] 

w=~  r  Pdv  (6) 

Jv2 


w  = 


'V2  nRT 


Vi 


V 


dv 


W  =  nRT(LnV^-LnV2 )  =  nRT(LnP2-LnP^)  =  P^V^(LnP2-LnP^)  (8) 


where  P i  and  P2  and  Vi,  V2  are  the  pressure  and  the  volume  of  the 
initial  state  and  final  state.  Initial  state  is  atmospheric  state  and 
final  state  is  compressed  state.  Obviously  power  is  work  per  unit 
time;  on  the  other  hand  the  air  flow  is  volume  per  unit  time.  So 
compression  power  is  equal  to 

Pc  =  ?!  Q(LnP1  -  LnP2 )  (9) 


The  work  for  producing  the  compressed  air  as  polytrophic 
process  is  shown  as 


W  = 


y 

y-l 


P  iVi 


1 


(10) 


where  ?!  and  P2  and  V !,  V2  are  the  pressure  and  the  volume  of  the 
initial  state  and  final  state.  Initial  state  is  atmospheric  state  and 
final  state  is  compressed  state. 


/pxO-D/y 


(11) 


y  =  ^  (12) 

Cv 

Notice  that  (?2/?i)  is  the  compression  ratio  [15].  The  result  of 
Eqs.  (2),  (4)  and  (11)  is 

q  _  6.5  x  CpFlmdgP^m^  (13) 

”  T/(y-i)Pi((P2/Pi)°’"1)/y-i] 


Depending  on  wind  turbine  and  wind  speed  parameters  the  air 
flow  is  shown  in  Fig.  7.  In  this  single  line  graph  Tabriz  wind  speed 
and  compression  ratio  are  considered. 

The  total  energy  efficiency  is 


07(y-i»PiQi  \(p2/pp(y-v/y- 1 


>h 


0.5  C„pVJmA 


(14) 


t]s  is  the  efficiency  of  compressor  and  compressed  air  generator. 
The  total  efficiency  of  this  system  in  Tabriz  is  illustrated  in  Fig.  8. 


2.3.  Air  storage  stage 


In  underground  storage  mechanical  and  thermal  parameters 
are  the  most  important  and  effective  parameters  that  should  be 
considered  in  calculations  [15]. 


dT  1 
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Fig.  7.  Air  flow. 


Fig.  8.  Total  efficiency. 


I<  is  the  ratio  of  specific  heat  capacity  in  constant  pressure  and 
constant  volume  (k=Cp/Cv).  Aw  is  wall’s  temperature  surface  that 
is  in  contact  with  cavern  air  and  T  is  the  air  temperature,  Tw  is  the 
wall’s  temperature  that  can  be  effective  on  air  temperature. 


2.4.  Expansion  stage 

Expansion  equations  are  similar  to  compression  stage,  the 
power  that  is  making  by  expansion  stage  is  equal  to 

Pt  =  fitmCpT j„  ^1  -  (^0  ^  (16) 

where  rjt  is  the  expansion  stage  efficiency  and  m  is  the  mass  of  air 
flow  in  this  stage  and  Tin  is  the  inlet  air  of  expander  temperature  [15]. 


3.  DQ  induction  generator  model 

In  many  cases,  analysis  of  induction  motors  with  space  vector 
model  is  complicated  due  to  the  fact  that  we  have  to  deal  with 
variables  of  complex  numbers.  For  any  space  vector  Y,  define  two 
real  quantities  Sq  and  Sd  as 

S  =  Sq-jSd  (17) 

In  other  words,  Sq  =  Re(S)  and  Sd  =  Fig.  9  demonstrates 

the  relationship  between  d-q  axis  and  complex  plane  on  a 
rotating  frame  with  respect  to  stationery  a-b-c  frame. 

Each  variable  (voltage,  current  or  flux  linkage)  in  the  synchro¬ 
nous  frame  is  stationary  and  fixed  to  a  constant  magnitude  in 
steady  state.  Dynamic  d-q  equivalent  circuit  is  shown  in  Fig.  10 
[16,17]. 

Vqs  =  Rslqs  +  P^qs  +  tOsAds 


dt  m 


1 


(18) 
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Fig.  10.  d-q  equivalent  circuit  on  a  synchronous  frame. 
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Fig.  11.  Connection  between  expansion  pressure  and  power  and  torque. 

4.  Conclusion 

In  recent  years  different  energy  storage  techniques  have 
been  developed.  Among  them  the  compressed  air  energy  storage 
(CAES),  proposed  here,  to  be  used  in  conjunction  with  induction 
generator  shows  promising  performance.  This  system  is  effective 
for  metropolises.  It  can  be  a  useful  distributed  generation  source 
instead  of  high  price  electricity  power  of  power  plants.  To  put 
everything  in  a  nut  shell,  the  simulation  results  show  that,  S-CAES 
is  useful  to  produce  a  building  required  energy  along  the  year 
especially  in  Tabriz.  The  compression  pressures  and  wind  speed 
directly  depend  on  air  flow,  efficiency  and  mechanical  torque  of 
generator;  moreover  it  mirrors  good  efficiency  of  S-CAES  in  this 
scale  and  perfect  output  power  of  this  system. 

Our  research  demonstrates  good  efficiency  of  S-CAES  in  this  scale 
and  perfect  output  power  of  this  system.  It  goes  without  saying  that 
S-CAES  in  pressure  ratio  from  3  to  9  is  not  noticeable  for  Tabriz  but 
after  10  it  seems  perfect.  This  shows  S-CAES  with  pressure  ratio  over 
the  9  in  Tabriz  is  entirely  beneficial  (see  Fig.  8). 

The  compression  pressures  and  wind  speed  directly  depend  on  air 
flow  and  efficiency  and  mechanical  torque  of  generator  (see  Fig.  11). 

This  system  can  apply  to  build  uninterruptible  power  supply, 
peak  shaving  and  reduce  technical  loss  of  power  grids.  It  can  be  a 
good  substitution  for  electricity  distribution  lines  in  some  of 
Iranian  metropolises. 


v ds  =  Pslds  +  P^ds  + 

(19) 

0  =  RrIqr  +  P^qr  + 

(20) 

0  =  RAdr  +  P^dr  +  ^x^qx 

where  flux  linkage  variables  are  define  by 

(21) 

2qs  —  LsIqs  ~ \~LmIqr 

(22) 

2 ds  =  Lslds  T-  L m^dr 

(23) 

hqr  =  LmIqS  -\~LrIqr 

(24) 

2 dr  =  Lm^ds  ~^~^r^dr 

(25) 

Te  =  ^P(¥)  {Wdr- tisV} 

(26) 

Mechanical  equivalent  of  this  machine  is 
Te  +  Tm=Jd ^  (27) 

Tm  is  mechanical  torque  of  generator  shaft  and  Te  is  Electro¬ 
magnetic  torque  of  machine  also  com  is  rotational  speed  of  shaft 
[18].  Obviously  Tm  comes  from  power  equation 

Pm  —  TmO)m  (28) 
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